Purpose 11 C-Methionine PET/CT (Met-PET/CT) is a useful imaging method for detection of parathyroid adenoma; however, the reported detection rate has been variable. The current study was intended to investigate detection sensitivity and preoperative localization of parathyroid adenoma (PA) or parathyroid hyperplasia (PH) on Met-PET/CT compared with Tc-sestamibi (MIBI) scintigraphy in patients with primary hyperparathyroidism (HPT) or suspected PA. Methods Met-PET/CT and MIBI scintigraphy images were reviewed by two nuclear medicine physicians unaware of pathologic results. Detection sensitivities and preoperative localization of detected parathyroid tissues into five predefined segments were evaluated by visual assessment and semiquantitative analysis with ratio of standardized uptake values (SUVR) between parathyroid tissue and normal lung as reference. Linear regression analysis with SUVR and serum parathyroid hormone (sPTH) was performed for characterization of PA or PH. Predicted PTH (pPTH) was calculated and compared with sPTH in PH and PA. Each pPTH was obtained for a calculated SUVR by using linear regression model from the result of previous linear regression analysis between SUVR and sPTH. Results In 16 patients, detection sensitivities of Met-PET/CT and MIBI scintigraphy were 91.7 % (11/12) and 41.7 % (5/12) for PA and PH including both biopsy-confirmed and clinicallysuspected cases, and 100 % (8/8) and 50 % (4/8) for pathologically confirmed PA and PH cases only, respectively. Met-PET/CT showed higher performance than MIBI scintigraphy in localization of parathyroid tissues; correct localization rate was 87.5 % (7/8) on Met-PET/CT and 50 % (4/8) on MIBI scintigraphy. In semi-quantitative analysis, SUVR was linearly associated with sPTH by linear regression analysis (sPTH=39.53×SUVR−89.84, p=0.0383). There was a borderline significant difference in pPTH between PH and PA (35.1 vs 204.7±164.0, p=0.052), while there was no significant difference in sPTH between PH and PA (289 vs 230.4±160.4, p=0.305). Conclusions Met-PET/CT has a potential to be a useful diagnostic modality for preoperative detection and localization of parathyroid tissues with higher sensitivity than MIBI scintigraphy, and for characterization of PA or PH.
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Introduction
Primary hyperparathyroidism (HPT), which results in hypercalcemia and hypophosphatemia, is caused by parathyroid adenoma (PA) in 82-87 %, by parathyroid hyperplasia (PH) in 10-15 %, and by parathyroid carcinoma in 2-3 % of patients [1, 2] . Complete surgical removal is the treatment of choice in management of persistent HPT caused by PA or PH. Preoperative localization of suspected parathyroid tissues is crucial for minimally invasive surgical removal, which can increase success rate of surgical treatment, reduce inconvenience of patient during or after operation, and also bring postoperative benefit in aesthetic aspect [3] .
Current imaging techniques such as   99m   Tc-sestamibi  (MIBI) or   99m Tc-tetrofosmin scintigraphy with single photon emission computed tomography (SPECT) as well as ultrasonography (USG), computed tomography (CT), and magnetic resonance imaging (MRI) are not always successful in the localization of parathyroid tissues [4, 5] . Recently, it was reported that MIBI scintigraphy is useful to differentiate benign from malignant parathyroid lesions as well as to detect parathyroid lesions [6] . However, the reported detection sensitivities for MIBI and 99m Tc-tetrofosmin scintigraphy were 73-88 % and 95 %, respectively [7] [8] [9] . In the case of morphological imaging, such as USG, CT and MRI, the sensitivities were 61-78 %, 46-87 %, and 65-88 %, respectively. In addition, they are less effective when there is a multiglandular disease or an ectopic parathyroid gland [10] .
11 C-Methionine positron emission tomography/computed tomography (Met-PET/CT) has been increasingly used in oncologic imaging as a complementary method to 18 F-FDG PET/CT that is limited in the differentiation of a malignant lesion from coexisting peritumoral or post-therapeutic inflammatory change [11] [12] [13] . In particular, it has been known that methionine is one of amino acids comprising parathyroid hormone and that it is closely related with biosynthesis of parathyroid hormone [14, 15] . Therefore, Met-PET/CT was introduced and expected to have high detection performance of parathyroid tissues due to specific accumulation of 11 C-methionine and high resolution of PET/CT. However, it has been reported that sensitivity of Met-PET/CT in detection of PA is variably 44-90 % [16] [17] [18] [19] [20] . Especially, a recent meta-analysis revealed that detection sensitivity and detection rate of Met-PET/CT were 0.81 and 0.70, respectively [18] . As Met-PET/CT being more frequently used, it is necessary to compare detection rate between Met-PET/CT and conventional MIBI scintigraphy to verify their clinical feasibility for surgical treatment.
Here, we tried to investigate the sensitivities of detection and localization of PA as preoperative guidance for minimally invasive surgical removal using Met-PET/CT, compared with conventional MIBI scintigraphy in patients with primary HPT or suspected PA.
Materials and Methods

Patients
From January 1st, 2006 to June 30th, 2011, 18 patients who underwent Met-PET/CT and MIBI scintigraphy for diagnosis of PA or PH were initially enrolled, retrospectively. In most patients with hyperparathyroidism, MIBI scintigraphy was performed initially and was repeated for follow-up to detect and monitor parathyroid tissues. Met-PET/CT was added during follow-ups in case of negative MIBI scintigraphy accompanied with positive or indeterminate anatomical imaging result of USG or neck CT.
Inclusion criteria were primary HPT or at least one PA suspected by other imaging studies such as USG or CT and preoperative imaging studies including Met-PET/CT and MIBI scintigraphy. The exclusion criterion was a time difference longer than 12 months between Met-PET/CT and surgical removal in a patient. Preoperative biochemical findings in all patients were checked for HPT including serum parathyroid hormone (sPTH), serum calcium, and serum phosphorus level. HPT was defined when sPTH >65 ng/ml. Persistent HPT over 6 months without any treatment was considered as clinically-suspected PA or PH even though surgical removal was not performed. The current study was approved by the Institutional Review Board of our hospital (H-0907-076-287).
Acquisition of Images
For each MIBI scintigraphy, a dual head digital gamma camera with LEHR collimator (Forte; Philips Healthcare, Andover, MA, USA) was used. Dual time-point acquisitions were performed on the anterior neck at 15 min and 150 min after intravenous injection of an average of 740 MBq (20 mCi) of MIBI. Dedicated digital cameras with LEHR collimator and matrix size of 256×256 were used, and the energy window was 140±21 keV.
For each Met-PET/CT scan, single time PET acquisition with one bed including neck and both upper lungs for 10 min was done 30-40 min after intravenous injection of 370-444 MBq (10-12 mCi) of 11 C-methionine, followed by CT scan for attenuation correction. All PET/CT scans were performed by dedicated PET/CT systems (Gemini [Philips Healthcare, Andover, MA, USA] for 7 cases and Biograph mCT [Siemens Healthcare, Erlangen, Germany] for 9 cases).
Image Analysis
In visual analysis of MIBI scintigraphy, a definitely increased or sustained uptake on the 150-min delayed image, compared with the early 15-min image, was considered as a positive finding for a parathyroid tissue. In case of Met-PET/CT, discernibly increased methionine uptake on PET image was considered as positive and its location was determined based on fused Met-PET/CT image.
For visual comparison of localization, five segments as possible locations of parathyroid tissues were intentionally defined as depicted in Fig. 1 , including right upper, right lower, left upper, left lower quadrants, and paratracheal area of mediastinum. All Met-PET/CT and MIBI scintigraphy images were reviewed by two nuclear medicine physicians with a consensus, who were blinded to pathologic results.
Postoperative pathologic results were used as the "gold standard" for absolute location of parathyroid tissues. Localizations of parathyroid tissues by Met-PET/CT and MIBI scintigraphy were compared with those by pathologic examination in the predefined five segments. Pathology and location of suspected parathyroid tissue were examined and confirmed by experienced pathologists on each postoperative specimen.
For semi-quantitative analysis, the ratio of the standardized uptake value (SUVR) was calculated in each parathyroid tissue lesion on Met-PET/CT images as follows:
SUVR ¼ SUV max in parathyroid tissue SUV mean in normal bilateral lungs SUV max in parathyroid tissue was obtained by taking the maximum value of SUV max in a region of interest (ROI) drawn on each of all the axial slices covering a suspected parathyroid tissue. SUV mean in normal bilateral lungs was calculated by averaging SUV mean values from ellipsoid ROIs on three different axial slices in bilateral normal lungs. Each ellipsoid ROI did not contain any abnormal lung lesion such as pneumonia, bronchiectasis, emphysema, consolidation and other inflammatory conditions, and it was checked based on the corresponding CT image under the lung setting.
After SUVR was obtained, linear correlation between any two variables of SUVR, sPTH and size of postoperative parathyroid tissue was carried out and then linear regression analysis was performed for further characterization of two variables with linear correlation. For differentiation of PH from PA, predicted PTH (pPTH) was calculated and compared with sPTH in PH and PA. Each pPTH was obtained for a calculated SUVR by using the linear regression model from the result of the previous linear regression analysis between SUVR and sPTH.
Statistical Analysis
Spearman correlation analysis and linear regression analysis were used for linearity of two variables and one sample t-test in sPTH and pPTH was tried to figure out if PH has the same characteristic of 11 C-methionine uptake as PA. PASW Statistics 18 release 18.0.0 (WinWrap Basic; IBM, New York, NY, USA) and GraphPad Prism 5 for Windows (GraphPad Software, San Diego, CA, USA) were used for analysis and generation of graph, and p<0.05 was considered as statistically significant.
Results
Patients' Characteristics
A total of 18 patients with primary HPT or with suspicious abnormal finding suggesting PA on neck USG and/or neck CT were initially enrolled. Two patients were excluded due to long time difference between Met-PET/CT and operation (74 and 28 months). Finally, 16 patients (age,58.4±10.0; male:female,8:8) remained for analysis. However, only 8 patients underwent surgical removal and the others were medically followed up without operation. All eight patients were pathologically confirmed as positive parathyroid tissues: seven were PAs and one was PH. All sPTH levels decreased after surgical removal of suspected parathyroid tissues. Of eight patients without operation, four patients were categorized into clinically suspected PA or PH based on persistent HPT for over 6 months. Therefore, total 12 patients were finally considered as PA or PH and four patients were considered as negative of PA or PH. Patients' characteristics are summarized in Table 1 .
Detection and Localization of Parathyroid Tissues
Among all the included patients with primary or suspected PA, 11 of 16 (68.8 %) were positive on Met-PET/CT, whereas 6 of 16 (37.5 %) were positive on MIBI scintigraphy. The sensitivity and specificity of Met-PET/CT were 91.7 % (11/12) and 100.0 % (4/4), and those of MIBI scintigraphy were 41.7 % (5/12) and 75.0 % (3/4), respectively, for those patients with final diagnosis of both biopsy-confirmed and clinically suspected PA or PH (Table 2 ). When considering the pathologic results only, on the other hand, the sensitivities of Met-PET/CT and MIBI scintigraphy were 100 % (8/8) and 50 % (4/8), respectively. Specificity cannot be evaluated because there was no biopsy-proven negative PA or PH. In preoperative localization of parathyroid tissues, all locations of parathyroid lesions detected by either Met-PET/CT or MIBI scintigraphy were consistent with postoperative pathologic results. The correct localization rate was 87.5 % (seven of eight) on Met-PET/CT and 50 % (four of eight) on MIBI scintigraphy. In case of PH, Met-PET/CT detected only one lesion at the right lower quadrant and MIBI scintigraphy failed to detect any lesion, even though multiple lesions at both lower quadrants were confirmed by pathologic examination (Table 3) .
Semi-Quantitative Analysis
In semi-quantitative analysis, SUVR of PA showed statistically significant linear correlation with sPTH (Spearman correlation coefficient=0.886, p=0.019), but there was no significant linear association between size of parathyroid tissue and either sPTH or SUVR (Tables 4 and 5) . By linear regression analysis, a linear regression model, sPTH=39.53×-SUVR−89.84 was deduced (Table 5 , Fig. 4) .
By one-sample t-test, preoperative sPTH of PH was not significantly different from that of PA (289 vs 230.4±160.4, p=0.305). However, there was a borderline significant difference in pPTH between PH and PA (35.1 vs 204.7±164.0, p=0.052, Fig. 5 ), which suggests that SUVR, the uptake ratio of 11 C-methionine, may be different between PH and PA, although there was no statistical significance.
Discussion
In this current study, Met-PET/CT showed higher detection sensitivity of PA or PH compared with MIBI scintigraphy as expected. Our results were generally agreed with the previous reports [9, 10, [16] [17] [18] and showed even higher performance compared with the results of meta-analysis reported by Caldarella et al. [21] . In quantitative analysis, SUVR showed correlation with sPTH level in patients with PA. This result agreed with the correlation between maximum standardized uptake value (SUV max ) of Met-PET/CT and sPTH reported by Otto et al. [16] even though SUVR was used instead of SUV max in the current study. In addition, Met-PET/CT could detect and localize parathyroid tissues in the lesions of negative on MIBI scintigraphy, which was also consistent with the previous reports [22, 23] . From our data and other reports, it seems to be apparent that Met-PET/CT is more useful for detection and localization of abnormal parathyroid tissue than MIBI scintigraphy.
In case of PH, accurate localization can be difficult because most patients may have multiple glandular lesions and all four parathyroid glands would have elevated excretion of PTH [2] . Even though an individual parathyroid gland has not so high PTH-excretion activity, their accumulated sPTH from all four glands may result in high level of sPTH, which can be similar to or higher than sPTH level of single PA. Therefore, it is less possible to differentiate PH from PA with preoperative sPTH only. In this current study, we performed the quantitative analysis of 11 C-methionine uptake of the parathyroid lesions as SUVR. Our novel approach was to acquire pPTH from a linear regression model obtained from SUVR and preoperative sPTH. From the regression, pPTH of PH was shown to be lower than that of PA, which means that PH has the character of low 11 C-methionine uptake compared with PA. Therefore, Met-PET/CT has a potential to be used for differentiation of PH from PA, as well as for localization of parathyroid tissue. SUVR can be a useful parameter for the differentiation of PA from PH.
There are several limitations in the current study. A relatively small number of patients in a single center may not be enough to draw an objectively acceptable conclusion. Multicentered studies would be expected to make up for this drawback. Because of the retrospective nature of this study, the enrolled patients' data were inhomogeneous and therefore some data loss was inevitable. In addition, only half of the patients were pathologically confirmed, which might result in incorrect data, although it was compensated by clinical follow-up results. A well-organized prospective study in the future is expected to come over this limitation.
In conclusion, Met-PET/CT showed higher detection sensitivity of PA or PH than MIBI scintigraphy in patients with primary HPT or suspected PA, and could even predict precise location of PA or PH, which can be helpful in planning the minimally invasive surgical removal of suspicious parathyroid tissues. In addition, semi-quantitative analysis with Met-PET/CT may help to distinguish PA from PH.
